We carried out palaeointensity experiments on 45 samples collected throughout the ca. 15 Ma Ries crater (Germany) to test whether meteorite impacts can influence the geodynamo. A Thellier-Thellier procedure with alteration, tail and additivity checks yields a weighted average palaeointensity of 19.1 ± 1.1 μT from 15 samples that pass stringent data selection criteria. The corresponding virtual dipole moment of 3.2 ± 0.2 × 10 22 Am 2 is relatively low, but indistinguishable from the global palaeointensity database between 20 and 10 Ma. Our results suggest that either the energy released during the Ries meteorite impact event was too low to affect the geodynamo, the Ries impact lithologies cooled too fast to record any effect, or the time averaged by the impact lithologies was long enough to record secular variation, but that the geodynamo was remarkably stable over that time.
I N T RO D U C T I O N
Meteorite impact craters are ubiquitous throughout our solar system and mark important events in planetary evolution (Shoemaker 1977; French 1998) . The kinetic energy involved in impact events exceeds 10 23 Joules of energy for the largest terrestrial impact structures, orders of magnitude higher than the strongest earthquakes (Melosh 1989) . Thus the potential exists that the seismic front generated from the impact can cause the inner core to oscillate thereby modifying circulation patterns in the outer core (Won & Kuo 1973) , and hence disturb the geodynamo.
Among the earliest studies linking changes in the geomagnetic field to a meteorite impact event were those by Glass & Heezen (1967) , who found that the Australasian microtektite field was deposited during the period coinciding with the Brunhes-Matuyama reversal, and by Durrani & Khan (1971) who found that the slightly older Ivory Coast microtektite field was deposited just above the base of a brief magnetic chron known as the Jaramillo event. Subsequent work on these microtektite fields, including a more detailed examination of sedimentation rates, began to question the timing when the impact occurred relative to the reversal record (Glass & Zwart 1979; Burns 1990; deMenocal et al. 1990; Schneider et al. 1992) . This debate continues, and is centred on the lock-in depth of the magnetization relative to the age of the sediments holding the record (Schneider & Kent 1990; Glass et al. 1991; Hartl & Tauxe 1996) .
When a bolide hits the Earth, some of the terrestrial material is vaporized although a larger part, up to several times the volume of the impactor, is melted and deposited within and around the crater. A more direct way to probe the link between meteorite impacts and geomagnetism is to study the magnetic field recorded in the melt rocks that cooled through the Curie temperatures of the magnetic minerals just after impact. For this reason, we carried out a palaeointensity study of impact breccia (suevite) and impact melt from the ca. 15 Ma Ries (Germany) meteorite crater using modern palaeointensity techniques. Our new work builds on preliminary palaeointensity results by Pohl (1977) from the FBN73 borehole located near the crater's centre.
G E O L O G I C A L S E T T I N G A N D S A M P L E C O L L E C T I O N
The diameter of the Ries crater is estimated to be 28 km, with a 12 km diameter inner ring composed mainly of crystalline basement material ( Fig. 1 ; Pohl et al. 1977) . The impactor was likely a stony meteorite, ∼1.5 km in diameter that generated a peak pressure >100 GPa (Stöffler et al. 2002) . Pre-impact target lithology consists mostly of Triassic and Jurassic sediments and pre-Mesozoic crystalline basement. The precise age of crater formation is debated. 40 Ar/ 39 Ar dates range from 15.2 to 14.3 Ma, with a recent compilation preferring a date of 14.6 ± 0.2 Ma (Buchner et al. 2010) . U/Pb dating of single zircon grains together with 40 Ar/ 39 Ar step heating on a moldavite, astronomical dating and correspondence with the geomagnetic polarity time scale, led Rocholl et al. (2011) to favour an age of 14.94 ± 0.07 Ma.
Suevite occurs within the inner ring as a quasi-continuous, up to 300 m thick layer lying below ca. 300 m of post-impact lake sediments (Engelhardt 1972; Pohl et al. 1977) . A ca. 12-km-diameter uplifted belt of crystalline basement separates the inner ring from a megablock zone. The megablock zone is covered by proximal ejecta deposited on displaced and subsided target rocks. The structural rim, whose diameter is 27-28 km, separates the crater area Filled squares with names represent sampling localities where oriented cores were obtained for this study; these and other squares (as well as Otting) are palaeomagnetic sampling localities from Pohl (1965) . Open symbols represent locations of boreholes where material was used for palaeointensity determinations for this study; FBN 73 from Pohl (1977) . Black patches designate suevite outcrops; in orange are ejected and displaced masses within and outside of the crater.
from autochthonous rocks outside of the crater. Suevite was deposited in isolated patches on the inner ring, in the megablock zone, and reaches as far as ca. 23 km outside the rim. The thickness of the outer suevite is generally less than 20 m, but may exceed 80 m in places near the inner ring. Impact melt has been found only in a few isolated spots near the eastern rim of the crater and in a drill hole inside the inner ring (Pohl et al. 2010) . Suevite and impact melt always overlie low shock level ejecta, known as the Bunte Breccia, which consists predominantly of sedimentary rocks from the target. The suevite represents a mélange of inherited material and melt, welded in a fine-grained matrix, partially altered into phyllosilicates. Most of the inherited clasts originate from the crystalline basement, which was ca. 600 m below Mesozoic sedimentary rocks (limestone, sandstone, marl and claystone) at the time of impact. Temperatures of the components forming the suevite were as heterogeneous as the material itself-namely, melt and hot, highly shocked crystalline clasts, together with cool, weakly shocked crystalline clasts and a mixture of fine melt particles and mineral fragments forming the groundmass.
The equilibrium deposition temperature of the suevite is debated. Hörz (1965) and Engelhardt et al. (1995) argued that occasional fragmentation of the melt indicates it solidified to a brittle state when the suevite was deposited. The absence of post-deposition plastic deformation of larger melt clasts indicates temperatures were below ca. 750
• C. On the other hand, Osinski et al. (2004) describe glasses showing evidence for flow after deposition, which requires much higher temperatures; the Polsingen impact melts clearly show evidence of plastic deformation at the time of deposition (Osinski 2004) . Radiogenic argon loss in crystalline inclusions in the suevite led Jessberger et al. (1978) , Staudacher et al. (1982) and Bogard et al. (1988) to calculate minimum equilibrium temperatures of 450-550 • C. It is however not known precisely where the suevite samples came from. Samples near the surface or near the contact of the underlying Bunte Breccia should cool much faster than samples from the inner part of the suevite layer. Also, the cooling rate calculations use thermal diffusivity values appropriate only for dry rocks. Faster cooling would occur because of convective heat transport by hot vapour in vertical degassing pipes, as can be observed in the suevite outcrops. Baranyi (1980) describes decarbonized rims of limestone clasts in the suevite, indicating temperatures >750
• C. Pohl (1965) inferred that the suevite's magnetic remanence is thermal in origin, carried mainly by magnetite originating either from protolith crystalline basement rocks and/or from shock and thermal decomposition of mafic minerals; completely remagnetized decimetre-sized granitic clasts in the suevite gives another indication for temperatures exceeding 580
• C. For our absolute palaeointensity study of the Ries crater, we drilled and oriented 33 2.54-cm-diameter cores at three sites ( Fig. 1 ; Table 1 ): Seelbronn (suevite, 18 samples), Polsingen (impact melt, six samples) and Aumühle (suevite, nine samples) in 2008. 11 samples were taken from a 10-m-deep core drilled in Otting in 1976 (Chao et al. 1977 ) and four samples from a 100-mdeep core drilled near Wörnitzostheim (Förstner 1967) in 1965 (Fig. 1) . Sampling locations and boreholes were selected based on having a wide spatial distribution and so that the samples have variable distances from the contact of the crater floor to see whether cooling time influenced the results. Samples from the Otting core span 7 m in vertical distance although those from Wörnitzostheim span 67 m in vertical distance; the samples drilled in the field span >1 m yet <3 m in vertical distance. generally confirm those described in previous studies (Chao 1968; El Goresy et al. 1968) . For example, suevite from Seelbronn (Fig. 2a) contains shocked, inherited magnetite cut by potassium feldspar veins. To our knowledge, no microscopy observations of the opaque phases have been previously reported for the impact melts from the Ries crater. Impact melt sample R19 (Polsingen) shows evidence of non-shocked Fe-Ti oxides that either grew during cooling from the melt (Fig. 2b) or potentially crystallized from a decomposed inherited mineral (Fig. 2c) . Evidence for magnetite formation from the decomposition of an inherited mineral is clearly seen in a suevite sample from Otting (Figs 2d and e) , together with an energy dispersive X-ray chemical map of Fe, Ti and Ca (Fig. 2f) . Here, the presence of calcite could indicate that the titanomagnetite grew from the shock or thermal decomposition of siderite (Pan et al. 2000; Bell 2007 ). El Goresy et al. (1968) also observed such textures in suevite facies from Ries. Chao (1968) identified decomposed biotite consisting of magnetite plus glass.
E X P E R I M E N TA L M E T H O D S A N D R E S U LT S

Microscopy, rock magnetism and magnetization directions
Thermomagnetic curves obtained with an AGICO, KLY-2 Kappabridge (ETH Zurich) confirm the abundance of Fe-rich titanomagnetite (Curie temperatures from 561 to 574
• C) and the minor presence of hematite (slight decay around 680
• C) in all samples (Fig. 3) . Specimens R3 and 8.05a also exhibit weak deflections around 310 and 370
• C, which could indicate a minor presence of high Ti magnetite, maghemite and/or pyrrhotite. The magnetic mineralogy defined by these experiments is entirely consistent with the microscopic observations. Chao (1968) Table 3 . Palaeointensity results from this study that pass the MT4 criteria of Leonhardt et al. (2004) . ID, sample identification; T min and T max , the minimum and maximum temperature steps used for the palaeointensity determination; N, the number of successive data points used for the palaeointensity determination; B, the applied field; f , the NRM fraction; g, the gap factor; q, the quality factor; Class, the quality classification of the sample as explained in the text: * denotes a check corrected sample; Fi, the palaeointensity and its standard deviation for individual specimens; F, the average site palaeointensity and its standard deviation, weighted by 1σ . Figure 5 . Summary of the palaeointensity data from the Ries crater. Black points with 1σ uncertainties represent the palaeointensity of specimens that pass the MT4 criteria from the modified Thellier-type experiments (Leonhardt et al. 2004) ; grey points with one sigma uncertainties represent the palaeointensity determined manually by estimating the best linear fit (no rejection criteria). The average palaeointensity and one standard deviation for each locality are provided (number of samples in parentheses).
of magnetite to hematite in biotite to shock. He further argued that the absence of goethite, maghemite and other weathering products suggest hematite did not originate from secondary hydrothermal alteration. Osinski (2004) reasoned that hematite formed from the vapour phase rather from low temperature hydrothermal alteration. Moreover, the identification of magnetite droplets in glass led Chao (1968) to suggest that the formation temperature of glass in suevite exceeded magnetite's melting temperature at atmospheric pressure. Taken together, these observations suggest the magnetic phases in the Ries suevites and impact melts should possess thermal remanent magnetizations. Magnetic hysteresis and backfield remanence acquisition were measured on six representative specimens using a Peterson Instruments (Petersen Instruments, Munich, Germany) variable field translation balance. Five specimens fall within the pseudo-single domain field based on their hysteresis parameters (Table 2 ; Day et al. 1977; Dunlop 2002) ; however, deriving meaningful grain-size information from the hysteresis data is hampered by the presence of diverse magnetic carriers (e.g. titanomagnetite and hematite) within a single sample. Pohl (1965) • ) indicating a high stability of the magnetic remanence. Moreover, the mean NRM directions for the three sites sampled in our study and in Pohl (1965) are indistinguishable within 95 per cent confidence limits.
A potentially important observation is that the 12-site mean directions of Pohl (1965) are extremely well clustered (the best estimate of the precision parameter = 997). This likely suggests that all sites recorded the same spot reading of the Earth's magnetic field; for example secular variation was not averaged out (Pohl 1965) . The maximum declination difference between any two sites is 11
• and maximum inclination difference is 7
• , less than half the observed variation over the past few hundred years in Europe (Alexandrescu et al. 1996) . Given the variable thicknesses of the impactite bodies and the variable distances that the samples are situated with respect 388 S.A. Koch et al. to each other and the cooling margins, one would expect more variation in magnetization directions between sites. On the other hand, a 200 m thick body with an initial temperature of 700
• C requires about 200 yr to cool through the titanomagnetite blocking temperature of 550
• C (Pohl 1977) . Faster cooling times would result for thinner bodies and/or if water was present. If secular variation was not averaged out, then one might also expect a narrow distribution of palaeointensity values.
Palaeointensity
Our laboratory protocol used a Thellier-Thellier type procedure with alteration, tail and additivity checks (MT4 experiments of Leonhardt et al. 2004 ; Fig. 4 ). Experiments were carried out on cylindrical specimens, 8 mm in diameter and 7 mm in height, drilled from the field samples and borehole cores. A Shaw palaeointensity furnace was used to heat the specimens in air with a laboratory field of 30 μT for all outcrop samples and 50 μT for all borehole samples to test whether a correlation exists between the applied field and the measured palaeointensity. Magnetizations were measured with a three-axis, 2G Enterprises cryogenic magnetometer housed in a magnetically shielded room at Ludwig Maximilians Universität (University of Munich).
Stepwise thermal demagnetization shows a single magnetization component that decays univectorially towards the origin (Fig. 4) . A slight amount of scatter in direction arises from the experimental difficulty in aligning the sample's orientation mark with the sample holder, as evidenced by more scatter in the horizontal component than in the vertical component. A single magnetization component, together with the absence of a present-day field overprint, argues strongly that all magnetic remanence-carrying minerals in the Ries samples formed, or were reheated above their Curie temperatures, during or directly proceeding the impact.
We analysed the palaeointensity data using ThellierTool 4.0 (Leonhardt et al. 2004) , which sorts the analysed data into three categories. We accepted only those samples (15 of 45) that meet the A or B quality standards according to the following criteria: (1) at least five successive data points are required, (2) the fraction of the moment represented by the five steps must exceed 30 per cent of the total NRM intensity, (3) the quality factor (q), as defined by Coe et al. (1978) must be >2.3, (4) the difference between the magnetization measured initially upon demagnetization and subsequently after heating to higher temperatures (alteration check) must be cumulatively (sum of all checks) <10 per cent and (5) must lack a significant multidomain contribution as determined by the tail check (dt * <5 per cent). Table 3 summarizes the results and parameters of the palaeointensity experiment. Fig. 4 shows representative Arai (1963) diagrams and orthogonal magnetization decay plots. When calculating a sitemean palaeointensity, the palaeointensity of each specimen was weighted by its standard deviation (1σ ) and a weighted standard deviation for each site was calculated. The average palaeointensity for all equally weighted sites is 19.1 ± 1.1 μT (n = 15), with locality averages of 15.8 ± 1.3 μT (n = 4) for Seelbronn, 20.1 ± 1.6 μT (n = 6) for Polsingen, 18.3 ± 0.0 μT (n = 2) for Otting and 22.2 ± 1.6 μT (n = 3) for Wörnitzostheim (Fig. 5) . No samples from Aumühle passed the MT4 criterion. We observe no correlation between the applied laboratory field intensity and the measured palaeointensity value (Table 3) .
We also determined the palaeointensity of each sample based solely on the linear trend of the Arai plot, regardless of any rejection criteria and ignoring weighting between samples to have Figure 6 . Geomagnetic virtual dipole moments (VDM) from 20 to 10 Ma (PINT database of Biggin et al. (2010) ). The black line and grey swath represent a running mean and its standard deviation of the global data with a window size of 10 data points shifted every data point. The window was fit to data outside 20 to 10 Ma to avoid edge effects. The solid black square represents the virtual dipole moment of 3.2 ± 0.2 × 10 22 Am 2 for the Ries crater determined by the MT4 criterion (single standard deviation uncertainty limits). The age of the crater follows Rocholl et al. (2011). a representative comparison with earlier results from Pohl (1977) where no checks have been performed during the palaeointensity experiment. The total palaeointensity of all 45 samples, equally weighted, is 20.8 ± 6.4 μT (n = 45), with locality averages of 15.2 ± 2.5 μT (n = 18) for Seelbronn, 19.2 ± 0.5 μT (n = 6) for Polsingen, 25.4 ± 4.2 μT (n = 6) for Aumühle, 17.2 ± 2.0 μT (n = 11) for Otting and 27.0 ± 3.7 μT (n = 4) for Wörnitzostheim (Fig.  5) . These values are indistinguishable within one standard deviation of the palaeointensities using the stricter MT4 criterion. In addition, they are consistent within uncertainty limits with the preliminary palaeointensity results of Pohl (1977) , which yielded an average palaeointensity value from nine samples from the FBN73 core of 27.7 ± 6.2 μT, and 25.9 ± 3.2 μT after omitting one outlier.
The measured intensity at the Ries crater is roughly 40 per cent of the present-day field strength. To place this result into a global context, we calculated the virtual dipole moment (VDM) of the Ries crater using a colatitude of 46
• , as expected from the 15 Ma pole of the synthetic European apparent polar wander path (Besse & Courtillot 2002) . Palaeointensity values meeting the MT4 criterion (n = 15) yield a VDM of 3.2 ± 0.2 × 10 22 Am 2 . Seen in the context of the PINT database (Biggin et al. 2010 ; Fig. 6 ), the palaeointensity of Ries is at the low end of the global spectrum, but compatible with the measured values between 20 and 10 Ma.
C O N C L U S I O N S
We observe no significant palaeointensity differences between Ries and the global database. This is also true for the palaeomagnetic directions, whose averaged pole position lies relatively close (6.1 ± 3.7
• ) to the expected 15 Ma pole for Europe (Besse & Courtillot 2002) . The samples from Ries recorded the palaeofield immediately following the impact event. In this light, a few end-member scenarios can explain the data. First, the energy released from the Ries impactor was too small to affect the geodynamo. Secondly, the Ries impactites cooled too fast to record any effect on the geodynamo and secular variation was not averaged, yet the instantaneous field at the time was similar to the average Miocene field. Thirdly, the Ries impactites cooled slowly enough to record secular variation, but the geodynamo was remarkably stationary over secular variation time scales, either naturally or because of the impact. Given the limited variability in magnetization direction and intensity throughout the crater, the second option seems most likely. If so, then this constraint should be considered when calculating the thermal history of the crater.
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